We have constructed cDNA microarrays from the human testis large insert cDNA library, containing 9216 genes, together with several housekeeping genes. The cDNA microarrays were used to identify gene expression differences between human fetal and adult testes. Of >8700 hybridized clones, 731 exhibited significant differential expression characteristics. About 7500 genes were identified when the same cDNA microarrays were used for hybridization with cDNA probes from mouse testis, with 256 genes having significant differential expression between the age of 1-4 weeks. Among these genes, 101 were identified as critically related to testis development and possibly to spermatogenesis since they were found in both human and mouse testes, and expressed differentially at different stages of testis development. Of the 101 development-related genes, 59 full-length cDNAs have been sequenced previously, while the full-length cDNAs of the other 42 genes have not been published. We have obtained 11 full-length sequences of the 42 genes and deposited them in the GenBank. The conserved testis development-related genes found in both human and mouse testes may include genes that are likely to be involved in testicular functions, especially spermatogenesis, thus providing a basis for further functional characterization of the genes in mouse models.
Introduction
The use of cDNA microarrays for a genome-wide approach to functional characterization of large numbers of genes and their expression profiles has increased rapidly (Bowtell, 1999; Duggan et al., 1999) . This approach greatly complements the vast amount of sequence information obtained from a variety of genome projects including that of the human genome. Advances in the technology of microarray construction and experimental strategy have resulted in expansion of expression profile analysis in many tissues, such as the placenta and embryo (Eickhoff et al., 2000; Tanaka et al., 2000) , pancreatic islets and brain (Donadel et al., 1998) and in cancer (Khan et al., 1999b; Smid-Koopman et al., 2000) . The new development of microarray technology is advantageous for facilitating the study of human disease (Khan et al., 1999a) and the discovery of new drugs and treatments (Debouck and Goodfellow, 1999) .
In the present study, we have employed microarray technology to investigate gene expression patterns in both human and mouse testes at different developmental stages. The testis is the primary male sex organ responsible for the production of sperm. Spermatogenesis is a well characterized developmental process from the prospermatogonia to the mature spermatozoon (Krawetz et al., 1999) , and is mainly regulated by genes uniquely expressed at different developmental stages. Several such genes have been previously identified (Grootegoed et al., 2000) . However, the majority of the genes related to the developmental stages of the testis and spermatogenesis remained largely unknown.
With the construction of cDNA microarrays from the human testis large insert cDNA library, we set out to examine the expression profile of large numbers of genes in human and mouse testes. There are only Sertoli cells and spermatogenous cells in the seminiferous tubules of 1-week-old mouse testis and 6-month-old human embryo testis, while seminiferous tubules of both 4-week-old mouse testis and human adult testis contain not only Sertoli cells and spermatogenous cells, but also various spermatogenic cells. Due to these broad differences in histological structures, transcripts from these two groups of subjects were compared to identify testis development and spermatogenesis-related genes through microarray hybridization. The homologous genes thus identified as showing differential expression patterns at different developmental stages in both human and mouse testes may be critically involved in testis development and spermatogenesis in both species. Therefore, further functional characterization of these genes in mouse models may prove advantageous in the understanding of spermatogenesis in humans.
Materials and methods

Construction and amplification of the cDNA plasmids of human testis
A human testis large insert cDNA library (catalogue number: HL5503U, source of insert cDNA: 25 Caucasians, aged 25-64 years) was ordered from Clontech, Palo Alto, CA, USA. According to Clontech's Manual PT3003-1, each λTriplEx2 clone was converted to a pTriplEx2 clone in E. coli BM 25.8. To collect a set of representative independent clones, 12 000 positive phage plaques were randomly picked. Each clone was separately amplified in BM 25.8 bacteria again. After releasing phages by a modified Sambrook's method (Sambrook et al., 1989) of alkaline lysis in our laboratory, the phages were absorbed to 50 µl of bacteria BM 25.8 and cultured at 31°C for 30 min. After adding 1.45 ml of Luria-Bertani medium, the culture was incubated at 31°C with vigorous shaking. The culture was then incubated overnight with addition of 100 µg/ampicillin at at 31°C. Each clone was harvested by centrifugation. The supernatant was discarded and the bacteria containing the phages were stored individually.
To extract the plasmids, 1.5 ml of cells was collected by centrifugation for 5 min at 8000 g. The supernatant was discarded and the cell pellet was completely resuspended with 200 µl of cell resuspension solution (pH 7.5, 50 mmol/l Tris, 10 mmol/l EDTA). Then, 200 µl of cell lysis solution [0.2 mol/l NaOH, 1% sodium dodecyl sulphate (SDS)] was added and stirred till clear. Finally, 200 µl of neutralization solution (3 mol/l potassium acetate) was added and mixed by inverting. The lysate was centrifuged at 13 000 g for 10 min. After 500 µl of the supernatant was transferred to a new tube, 500 µl isopropanol was added. The mixture was then incubated at room temperature for 30 min, followed by centrifugation at 13 000 g for 10 min. The supernatant was discarded, and the pellet was dissolved with 100 µl water. The plasmid samples were stored in 96-well trays at -70°C.
Preparation of the human testis cDNA microarrays
To produce DNA for spotting the microarray, the gene sequence was amplified from the plasmid clone by PCR. Primers (5Ј-primer: CCATTGTGTTGGTA-CCCGGGAATTCG, interval 6 bp to insert cDNA site; 3Ј-primer: ATAAGC-TTGCTCGAGTCTAGAGTCGAC, interval 7 bp to insert cDNA site) were designed according to the 5Ј and 3Ј sequences of λTriplEx2 vector flanking the insert. In each 100 µl PCR reaction buffer (50 mmol/l KCl, 10 mmol/l Tris-HCl, pH 8.4), 2 mmol/l MgCl 2 , 0.15 mmol/l dNTP, 4 IU Taq DNA polymerase, 25 pmol of each primer and 20 ng of plasmid DNA were added. The PCR reaction was carried out in a PE9600 Thermal Cycler under the following conditions: first denaturation at 94°C for 4 min, then each thermal cycle was in steps of 94°C for 30 s, 60°C for 30 s and 72°C for 3 min, with a final extension of 72°C for 10 min. A total of 35 cycles were conducted. To assess the quality of the results, 5 µl of the PCR product was assessed on a 0.8% agarose gel. If there were non-specific segments in the PCR product or the PCR product was too short to be full length, the clone was rejected. A total of 9216 PCR products selected from the PCR products of 12 000 clones were stored in a 96-well format at -20°C.
A cDNA array was assembled with the 9216 selected cDNA clones. Before spotting the PCR-produced cDNA on the membrane, 80 µl of isopropanol was added to each well containing 95 µl of sample and mixed thoroughly. The plate was then kept in a freezer at -20°C for 60 min. DNA was collected by centrifugation at 2000 g at 4°C for 30 min. The supernatant in each well was discarded and the pellet was dried by evaporation at room temperature. The DNA was denatured by addition of 10 µl denaturing solution (1.5 mol/l NaCl, 0.5 mol/l NaOH) to each well. The content of each well was transferred to 384-well trays and stored at 4°C before use.
Two dots for each DNA sample were spotted with a total of 18 432 dots for 9216 samples on 8ϫ12 cm nylon membranes using an automatic arrayer (BioRobotics, Cambridge, UK). The membrane was dotted with~100 nl of PCR product in an area of 0.4 mm in diameter. DNA was cross-linked to the nylon membrane by UV light. Nine housekeeping genes were used as positive 512 controls: (i) ribosomal protein s9; (ii) actin γ; (iii) glyceral dehyde-3-phosphate dehydrogenase; (iv) hypoxanthine phosphoribosyl transferase 1; (v) H. sapiens mRNA for 23 kDa highly basic protein; (vi) ubiquitin c; (vii) phospholipase A2; (viii) ubiquitin carboxy; (ix) terminal esterase LI. pTriplEx2 DNA and puc 18 plasmid DNA were negative controls. The 12 spots for the same control cDNA were evenly distributed in the membranes.
Preparation of probe DNA using mRNA from human and mouse testes
Testes from human adults (n ϭ 2) and 6-month-old fetuses (n ϭ 3) were collected from the deceased or naturally aborted. Testes were also dissected from ICR mice at ages of 1 (n ϭ 100) and 4 weeks (n ϭ 10). After homogenization, total mRNA was extracted by trizol RNA isolation protocol (Gibco BRL, Grand Island, USA) and quantified with a UV spectrometer and electrophoresis. The PolyAϩ mRNA was purified using an affinity column filled with poly(dT) resins (Qiagen, Hilden, Germany). The probes were prepared by incorporation of 33 P-labelled dATP in a reverse transcription reaction using 2 µl of purified mRNA as the template, an oligo(dT) as the primer and M-MLV reverse transcriptase. Each labelling reaction was carried out with 200 µCi of α 33 P-dATP following the manufacturer's instruction (NEN Life Science, Boston, MA, USA).
Hybridization and signal scanning
Nylon membranes spotted with cDNA fragments were prehybridized with 20 ml of prehybridization solution [6ϫsaline sodium citrate (SSC), 0.5% SDS, 5ϫDenhardt, 100 µg/ml of denatured salmon sperm DNA] at 68°C for 3 h. Overnight hybridization with the 33 P-labelled cDNA from testis samples was carried out in 6 ml of hybridization solution (6ϫSSC, 0.5% SDS, 100 µg/ml denatured salmon sperm DNA) and followed by stringent washing with 20 ml of wash solution (10% SSC, 0.5% SDS) at 65°C for 1 h. Membranes were exposed to a phosphor screen overnight and scanned using a FLA-3000A fluorescent image analyser (Fuji Photo Film, Tokyo, Japan). The radioactive intensity of each spot was linearly scanned with a 65 536 grey-grade in a pixel of 50 microns, and read out using the array gauge software (Fuji Photo Film). After subtraction of background (3 Ϯ 3) chosen from an area where no cDNA was spotted, clones with intensities Ͼ10 were considered as positive signals to ensure that they were distinguished from background with statistical significance Ͼ99.9%. Hybridization data would be considered invalid if any of the 12 control spots for the same control cDNA had a 1.5-fold difference in its intensity between arrays. When the standard difference of the two dots for each DNA sample was Ͻ0.3, signals could be accepted by the software.
Sequencing of differentially expressed human testis cDNAs
The cDNA clones that expressed at the same reciprocal as demonstrated in both human and mouse cDNA microarray hybridization were selected for proliferation. The amplified cDNA plasmids were isolated and purified in mini-preps (QIAprep Spin Miniprep Kit; Qiagen) and the inserts were sequenced using the ABI 377 automatic sequencing machine. All resulting sequences were compared with sequences in GenBank by use of BLAST and an expect value cut-off of e (-10) .
Results
Differential expression of genes in human testes of adult and fetus
The main objective of the present study was to identify genes that are differentially expressed in the testes at different developmental stages, in this case fetus versus adult. When the human testis cDNA microarrays were hybridized with cDNA probes prepared from mRNA of human testes, positive signals were obtained from 8925 spots (~96.8% of the cDNA clones used in the microarrays) in the case of adult testis, and 8795 spots (~95.4% of the cDNA clones used in the microarrays) for fetal testis (Figure 1a,b) . It appeared that the majority of the testis genes were expressed in both adult and fetal testes. Among the cDNA clones with positive signals, 592 had intensities at least three times higher with probes prepared from adult tissue than with those from fetal tissue, whereas 139 cDNA clones had at least three times higher signals with probes prepared from fetal testis tissue than with those from adult testis tissue (Figure 2) . The reciprocal expression characteristics of these genes suggest different sets of genes are involved in different developmental stages.
Differential expression of genes in mouse testes of different ages
Genes critically involved in development are likely to be conserved among mammalian species. The mouse was selected in this experiment for comparison with human genes so that genes expressed in both the human and mouse could be identified for further functional characterization in mouse models. The cDNA microarrays prepared from a human testis cDNA library were hybridized with probes prepared from mouse testis tissue, while keeping all the conditions the same. Signals were detected from 7524 spots (~81.6% of the 513 cDNA clones) when using probes prepared from 4-week-old mouse testes, and 7468 spots (~81% of the cDNA clones) using probes prepared from 1-week-old mice (Figure 3a,b) . The mouse testis genes seemed to share a great deal of homology with those of human testis, even though a 15% reduction in the number of genes expressed was observed in the mouse as compared with that in humans. The human testis genes that did not show a hybridization signal with mouse probes might have no counterparts in the mouse genome or might lack significant homology with the mouse genome. Among the hybridized cDNA clones, 201 had intensities more than three times higher with probes prepared from 4-week-old mouse testis than with those from 1-week-old mouse testis tissue. On the contrary, 55 clones had intensities more than three times higher with probes from 1-week-old mouse testis tissue than with those from 4-week-old mouse testis tissue (Figure 4) .
Identification of development-related conserved genes in human and mouse testes
The genes that showed a great contrast between adult and fetus testes and were conserved at the same time between human and mouse are most likely to be important for development and possibly spermatogenesis. Based on this rationale, 160 cDNA clones were selected from common hybridization spots from both human and mouse testes exhibiting strong differential hybridization signals (Ͼ3-fold). Among these cDNA clones, 149 had an expression level higher in the adult than in the fetus, whereas for the other 11 cDNA clones, the reverse was true.
We sequenced the first 750 bases from the 160 cDNA clones and the resulting sequences were used in searching homologous human genes in GenBank using BLAST. A total of 101 unique cDNA sequences were found, with the rest being duplicates. Among the 101 unique genes, 54 full-length cDNA, five KIAA (see http:// www.kazusa.or.jp/huge for information) and 42 expressed sequence tags (ESTs) had been previously deposited in GenBank. Out of the 42 reported EST, we completely sequenced 11 full-length cDNAs and deposited them in GenBank (accession numbers are AF306347, AF311324, AF387507, AF305686, AF311212, AY009108, AY014283, AY014282, AF350251, AF345909 and AF027525). To have a global view of the development-related conserved genes in human and mouse testes, the relative expression levels of the 54 reported full-length genes are plotted in Figure 5 on the scale of their hybridization signals from the microarray analysis. To establish a functional profile of the 54 genes, proteins encoded by them were grouped into the following seven broad categories of biological roles: (i) cell signalling/cell communication (27.78%); (ii) cell division/ DNA synthesis (27.78%); (iii) gene/protein expression (14.81%); (iv) metabolism (18.75%); (v) cell structure and motility (3.7%); (vi) cell/ organism defence (5.56%); and (vii) unclassified (1.85%) ( Table I ) (Adams et al., 1995) . It is likely that the other 42 selected genes, including the 11 full-length cDNA presently sequenced, may fall into these functional categories. In addition, mouse homologous genes of those 54 reported full-length genes were found in GenBank of NCBI, confirming our microarray hybridization results. The corresponding GenBank accession numbers are shown in Table I .
Discussion
DNA microarray is a more advantageous tool for identification of uniquely expressed genes than the method of differential display-PCR, which is not very efficient due to non-specific redundant sequences and results in mostly a few hundred bases of the 3Ј end of the identified gene (Lockhart and Winzeler, 2000; Marx, 2000) . In 514 the present study, we have demonstrated a new strategy for effective identification of uniquely expressed genes in the testis using cDNA microarrays constructed from the human testis cDNA library. In preparation of the cDNA microarrays, one of the key considerations is the source of the cDNA library.
A conventional way of organizing the cDNA source is to survey the EST libraries and select the genes that appear to be relevant to the experiment (Khan et al., 1999b; Tanaka et al., 2000) . Gathering the EST library may involve pooling of data from different sources and attempting to reduce redundancy as practically as possible. Analysis of the EST sequence data is computationally intensive, and manipulation and transfer of data or cDNA from different quality standards may be concomitant with additional errors. This approach is usually associated with high labour and material costs if the EST clones have to be purchased from outside sources. More importantly, the completeness of the available EST sequences has its limitations and may not necessarily be representative of the subject under study. Many of the EST sequences are not full-length cDNAs.
Using the strategy of preparing a microarray directly from the cDNA library, we constructed microarrays using human testis large length cDNAs that have been cloned as a λphage library. The microarrays contained pairs of 9216 individual clones and 10 controls including cDNAs, from nine housekeeping genes and two plasmid DNAs. The hybridization of the microarrays with human and mouse testes of different developmental stages not only resulted in identification of differentially expressed testis genes that had been known previously, but also in the discovery of genes that had not been cloned or sequenced before. As the human-mouse comparative map becomes denser, it would be logical to construct the profile of homologous genes. The greatest value of homologous genes between the human and mouse is in identifying likely human or mouse homologues of gene functions and disease traits.
In this report, we used cDNA probes prepared from the mRNA of mouse testes to hybridize with human testis cDNA microarrays and demonstrated a positive signal from~81% of the total clones for both 1-week and 4-week mouse probes. This suggests that the expressed genes in the testis show a much greater homology between human and mouse compared with an average of 30% homology for genes expressed in other tissues (Koop, 1995) . An~4-fold difference between the numbers of genes that are predominantly expressed in adult and immature testes was observed in both human and mouse testes, despite a smaller number of unique genes expressed in the mouse. This may imply that the proportion of genes related to or governing development and/or spermatogenesis is the same in both human and mouse genomes. Among these genes, the present study has identified 160 clones with the same differential hybridization signals in both human and mouse, suggesting that these genes are conserved in the two species and likely to be essential for development and/or spermatogenesis.
To compare gene expression in 1-and 4-week mouse testes, it may be possible to include genes expressed in different germ cells and/or testicular somatic cells and related to mitotic divisions of spermatogonia, meiotic divisions of spermatocyte and spermiogenesis during spermatogenesis. The comparison of developmentdependent gene expression profiles in human and mouse testes, as demonstrated in the present study using human testis cDNA microarrays, may help us to identify many critical genes related to spermatogenesis in both the human and mouse. We have identified 160 cDNAs exhibiting similar differential expression 515 characteristics in both species, indicating a possibly essential role of these genes in the development of the testis and/or spermatogenesis.
Of the 160 clones, 101 have been found to be uniquely expressed genes, among which 54 have been listed as full-length cDNAs in GenBank, five are KIAA and 42 EST. Of the 54 full-length genes, 18.52% have been previously identified as spermatogenesis-specific; these include ODF2 (Shao et al., 1998) , CLGN (Watanabe et al., 1994) , AKAP4 (Mohapatra et al., 1998) , PGK2 (Zhang et al., 1999) , SCP1 (Kondoh et al., 1997) , HTTA (Tureci et al., 1998) , LDH4 (Primakoff, 1994) and LDHc (Zinkham, 1972) . These genes were found again by our microarray analysis, validating the method we used here to identify testicular function-related genes. In addition, the 54 transcripts can be classified into several broad role categories, of which cell signalling/communication, cell division and DNA synthesis, and gene/protein expression can easily be associated with development and spermatogenesis. This analysis has provided an initial estimate of the functional profile of the genes identified in the present study. It is likely that the 42 unclassified clones identified in the present study may fall into the above functional categories, which may possibly be involved in spermatogenesis.
Furthermore, the 11 newly sequenced genes may be involved in various signal transductions, cell division and energy metabolism according to the domains in the deduced proteins. For instance, AF311312, containing a kinesin motor catalytic domain, might be a microtubule-dependent molecular motor which plays an important role in intracellular transport of organelles and in cell division. AY014282 with a calmodulin-binding domain might be involved in signal transduction. AF311324, having a ubiquitin domain, might mediate proteolysis which is related to the regulated turnover of proteins required for controlling cell cycle progression. Therefore, further functional studies of these new genes should shed light on the understanding of mechanisms underlining spermatogenesis or development.
It is interesting to note that the analysis of the expression pattern of the above-mentioned 54 genes has revealed a group of tumour genes which may belong to the class of cancer-testis (CT) genes, genes that are expressed in a variety of human cancers but not in normal tissues, except for testis tissue. The tumour genes found in the 54 clones include: ubiquitin specific protease 6 (USP6) in some human cancer cells (Nakamura et al., 1992) ; pericentriolar material 1 (PCM1) in hepotoma (Balczon et al., 1994) , colorectal cancers and non-small-cell lung cancers; human osteoinductive factor (hOIF) in human osteosarcoma cell lines (Madisen et al., 1990) ; and HOM-TES-85-tumour antigen (HTTA) in astrocytomas (Tureci et al., 1998) . HTTA is not found in normal tissues except for the testis. The HTTA characteristic expression spectrum has been described for the T celldefined MAGE, BAGE and GAGE gene products and led to the term CT antigen. The present finding that USP6, PCM1 and hOIF are also expressed in human testis suggests that they might be CT genes.
One possible link between cancer and the testis is that they are both heavily engaged in cell proliferation. This also lends strong support for our contention that the genes identified in the present study are development-related and possibly involved in spermatogenesis, a process which involves a great deal of germ cell proliferation and differentiation. Thus, the detailed understanding of functional roles of these CT genes may not only provide molecular mechanisms underlying testicular development and spermatogenesis, but may also reveal possible targets for the development of cancer vaccines.
In summary, the present study has paved the way to genome-wide functional characterization of genes related to testis development and spermatogenesis, and possibly to other testicular functions such as steroidogenesis. The finding of substantial numbers of overlapping genes showing significant differential expression patterns in both human and mouse testes provides a basis for functional elucidation of the development-related genes in mouse models for the understanding of the process of spermatogenesis in humans.
